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Abstract

Astrobiology asks three fundamental questions as outlined by the NASA
Astrobiology Roadmap: 1. How did Life begin and evolve?; Is there Life
elsewhere in the Universe?; and, What is the future of Life on Earth? As we
gain perspective on how Life on Earth arose and adapted to its many
niches, we too gain insight into how a planet achieves habitability. Here on
Earth, microbial Life has evolved to exist in a wide range of habitats from
aquatic systems to deserts, the human body, and the International Space
Station (ISS). Landers, rovers, and orbiter missions support the search for
signatures of Life beyond Earth, by generating data on surface and
subsurface conditions of other worlds. These have provided evidence for
water activity, supporting the potential for extinct or extant Life. To
investigate the putative ecologies of these systems, we study extreme
environments on Earth. Several locations on our planet provide analog
settings to those we have detected or expect to find on neighboring and
distant worlds. Whereas, the field of space biology uses the ISS and low
gravity analogs to gain insight on how transplanted Earth-evolved
organisms will respond to extraterrestrial environments. Modern genomics
allows us to chronicle the genetic makeup of such organisms and provides
an understanding of how Life adapts to various extreme environments.
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Introduction

Several efforts, such as the Human Microbiome Project (HMP), the Earth
Microbiome Project, and Microbes of the Built Environment (MoBE)
research have contributed an understanding of the pervasiveness of the
microbial world. Select microbes can survive the hyper-arid environment of
Chile's Atacama Desert, the low temperatures of Antarctica, and the high
radiation experienced on the exterior surfaces of the ISS. Such extreme
environments found on Earth and in the outer limits of its atmosphere serve
as analogs for the environments likely to be encountered in transit to and
on other worlds. While we are in the early phases of hypothesizing on the
nature of extraterrestrial Life, we must be particularly mindful of the
potential for our Earth-evolved microbes to affect or inhabit extraterrestrial
habitats (e.g. forward contamination), as we explore signatures of Life in
the solar system. The goal of sending humans, deeper than ever before,
into our solar system entails addressing additional questions and
challenges.

The field of space biology uses phenotypic and genotypic characterization
to better understand the effect the space environment has on Earth-
evolved organisms. In the current -omics era, we have the capacity to
better investigate the questions posed by both astrobiologists and space
biologists alike. Next-generation sequencing (NGS) technologies have
allowed us to understand the effects that environmental conditions, like
those experienced on Earth in extreme environments or outside of our
atmosphere, have upon the genomes, transcriptomes, and proteomes of
prokaryotic and eukaryotic populations. In this chapter, we follow the
Astrobiology Roadmap (Des Marais et al., 2008) by first describing the
origin of Life on Earth, and then by discussing how life evolved to survive in
extreme Earth environments (Figure 1). In the final section, we present the
important role Planetary Protection plays in shaping the future of space
exploration and space biology research.

Origins: how did Life begin and evolve?

There are two primary theories as to how Life came to be on Earth: 1) the
prebiotic theory and IlI) the theory of panspermia. The prebiotic or
primordial soup theory, contends that chemical evolution involving the
CNOP elements (carbon, nitrogen, oxygen, and phosphorus) occurred in
response to physical and chemical selective pressures impressed by early
Earth's reducing atmosphere (Farmer et al. 2018). The primordial soup was
greatly affected by the energy inputs coming from meteor impacts, volcanic
eruptions, lightning, and super tides. Utilizing these energy inputs, chemical
elements formed monomers through the process known as abiogenesis
(Emeline et al. 2003). These monomers would later polymerize into the four
major macromolecules: carbohydrates, lipids, proteins, and nucleic acids —
and eventually begin to self-replicate and allow for the formation of organic
Life as we know it.
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Figure 1. The Astrobiology Roadmap.

A proposed setting for the occurrence of abiogenesis is at the site of
hydrothermal vents, where elements from the Earth's core could be shaped
by ocean chemistry to form organic molecules (Martin et al., 2008). After
millions of years of chemical evolution, circumstances may have arisen
enabling a semipermeable membrane to encapsulate a self-replicating
molecule, such as RNA, DNA, or possibly prion-like proteins. These
progenitors of modern cells served to concentrate chemical reactions,
which allowed cellular compartmentalization to continue to evolve. Then
around 3.6 billion years ago, a successful combination of macromolecules
within @ membrane is believed to have led to, what is now known as, the
Last Universal Common Ancestor (LUCA) - the cell from which all currently
known biological cells arose (Koonin, 2003).

The alternative theory of panspermia contends that complex, organic
macromolecules, or even possibly LUCA, was seeded to the Earth from
another planet or celestial body. In our solar system, we have the four
terrestrial or rocky planets closest to the sun — Mercury, Venus, Earth, and
Mars; farther away are the four gas giants or Jovian planets: Jupiter,
Saturn, Uranus, and Neptune. Each of these planets formed as it attracted
matter into its gravitational pull through the process of accretion. The
material that did not form planets such as rock, dust, and ice, instead
formed the asteroids, comets, and dwarf planets. Asteroids are
predominantly rocky, and mostly occupy the asteroid belt between the
rocky inner planets and the outer Jovian planets. Whereas, comets are
predominantly composed of ice (Lissauer,1993). In the 4.6 billion years
since the accretion of our planet, Earth has experienced 5 mass extinctions
punctuated by meteorite (asteroid and comets that have entered our
atmosphere) impacts. These Earth- changing impacts define the geological
time periods (Sleep et al. 1989). During the Hadean Period, 4.6 to 4 billion
years ago (unit of time also known as Gya), the Earth and the rest of the
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inner terrestrial planets experienced a time known as the Late Heavy
Bombardment — where there was an increased frequency of impact events
from asteroids and other impactors (Fassett et al., 2013). Many of these,
struck with enough force to cause fragments to be expelled from the
planets’ atmospheres. Our moon itself, formed as the result of a body
estimated to be roughly the size of Mars, known as Theia, slamming into
Earth (Herwartz et al., 2014).

Asteroids and comets are the two vehicles that may have helped enrich our
early planet and Mars with water (Lunine et al., 2003; Raymond et al.,
2004). Asteroids are also known to hold amino acids and other
biomolecules (Kvenvolden et al., 1970). Meteorites have been argued to
contain evidence for life by some, though others contend that their
properties can arise entirely abiotically (Martel et al.,2012). Regardless of
its origins, Life on Earth was able to take a foothold due to a reduction in
the frequency of impacts, a sustained atmosphere and magnetosphere,
and other properties of Earth, which allowed for a more stable environment
for evolution. Mars, in contrast, lost its magnetic field and atmosphere
(Dehant et al., 2007) relatively quickly. With the loss of this critical
protection, it was no longer shielded from the Sun's UV light and radiation.
In some respects, Mars could be viewed as an old Earth.

Search for past life on Mars

The exploration of Mars began with the Viking rover in 1976 then flybys by
the Odyssey satellite in 2001. This continued with the lander missions
which included the Opportunity rover in 2003 and later the Curiosity rover
in 2011. Curiosity had the ability to drill shallow holes (5 centimeters deep),
laser-blast rock surfaces, and perform mass spectrometry; yet, these
efforts revealed no evidence of extant Life. However, as Curiosity surveyed
the Gale Crater on Mars, it collected evidence to suggest that water once
existed at the site (Martin-Torres et al., 2015). If we are to obey the Earth
adage of "follow the water", as water fosters Life, we can hypothesize that
at one point in the history of Mars, it may have been habitable. The layered
silica sediments, as well as images of what the rocks look like, tell a story
of a once wet Mars where Gale Crater was the site of an ancient spring-fed
lake (Cabrol et al.,1999). The presence of silica in Gale Crater also
suggested it would be an ideal location to find preserved biosignatures
(Williams et al., 2013).

Additional evidence for organic Life on Mars includes the presence of
carbonates in Martian dust; these carbonates are a sign of water and
carbon dioxide, either past or present (Bridges et al., 2019). Carbonates
can be generated by biotic processes as well as abiotic processes. On
Earth, the bacterial carbonate deposits known as stromatolites and
microbialites, serve as some of the oldest fossil evidence for biological Life
(Nutman et al., 2016). In a recent discovery, NASA reported the presence
of organic molecules in the rocks and methane in the atmosphere of Mars
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(Ten Kate, 2018). The search for Life on Mars continues. Future projects
such as MAVEN (Mars Atmosphere and Volatile Evolution mission) will
provide a quantitative analysis of the gases of Mars (Jakosky et al., 2015),
while next-generation rovers, such as the NASA's InSight lander and the
Mars 2020 rover, as well as the European Space Agency's (ESA) ExoMars
program will survey the Mars lithosphere using deeper coring methods
(Vago et al., 2015). The geological results may reveal signatures
reminiscent of the beginnings of Life on Earth.

Our capacity to evaluate extraterrestrial Life at the molecular and polymer
level continues to build. Sequencing platforms are the workhorses of
targeted amplicon, metagenomic and metatranscriptomic sequencing.
Further development of NGS techniques allows for nucleic acid
polymerization to be sequenced with fluorescence-based and the pore-
based methods. In the fluorescence-based method, the sequence is read
by tagging nucleotides with unique fluorophores. Alternatively, the pore-
based method uses an electric field and a nanometer-sized pore to read
the sequence of a polymer according to how the monomers alter the
electric density of the current. This pore-based technology, known as
Nanopore, may be able to characterize the building blocks of
extraterrestrial Life, even of a different composition. Nanopore's small
footprint, roughly the size of a human finger, makes it especially suitable for
transport on limited capacity payloads, and it has been used to sequence
DNA on the ISS (Castro-Wallace et al., 2017). These methods have been
used extensively to characterize the diversity and abundance of microbes
present in an environment, the constituents of their genomes, and the
genes they express. Such approaches are applied to the extreme
environments found on Earth as well, and help develop our understanding
of how microbes survive in extraterrestrial analog settings.

Habitability: is there Life elsewhere in the universe?

Exoplanets

The astrobiology roadmap aims to guide the exploration of the nature and
distribution of habitable environments within the universe. However, to
begin, a distinction should be made between the commonly thought of
"habitable zone" and the concept of "habitability". Herein, the "habitable
zone" refers to the concept, theorized by astrophysicist Su-Shu Huang, in
which a planet must orbit a star at a distance such that the energy from the
star sustains liquid water on the planet's surface (Huang, 1960) — this is
often referred to as the "Goldilocks zone". The term "habitability" herein,
refers to being able to sustain Life from the point of view of our current
information, meaning requiring liquid water, an energy source, and
conditions suitable for complex chemistry (but no stellar requirements,
distance-based or otherwise). The Kepler space telescope has been a key
player in identifying exoplanets (extrasolar planets) which fall in the
habitable zone (Batalha et al., 2014).
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One of the most common methods for detecting exoplanets is known as
the transit method, wherein an exoplanet may be detected as it passes in
front of its parent star from our point of view. It is then sometimes possible
to use transmission spectroscopy to gain insight into the atmosphere of the
prospective exoplanet to look for compounds such as water vapor (Sing et
al., 2011). There are an estimated 40 billion exoplanets within the habitable
zone (Farmer, 2018). To date, the Kepler mission has identified greater
than 3,000 and confirmed more than 100 in the habitable zone (Batalha,
2014). A number of these are in tidal lock and therefore experience
temperature extremes on either side of the planet. It remains to be seen if
Earth's life-generating features, such as liquid water, a Life-sustaining
atmosphere, a radiation-shielding magnetosphere, and a UV-blocking
ozone have been reproduced on any of these exoplanets.

Analog environments: Adaptive strategies in cold, dry environments

Icy moons and tidally locked exoplanets may hold microbial Life which can
survive the cold. Metabolism and energy production are typically repressed
in psychrotrophs (organisms that can survive at low temperatures but have
optimal growth temperatures >20°C) in colder conditions, while

psychrophiles (organisms with optimal growth temperatures <10°C) tend to
increase nutrient acquisition, photosynthetic efficiency, and upregulate
genes involved in metabolic pathways (Raymond-Bouchard et al., 2017).
Low temperatures have been shown to cause increased expression in the
following for both psychrotrophs and psychrophiles: lipid biosynthesis,
osmoprotectants, cold shock, and antifreeze proteins (Raymond-Bouchard
et al., 2017). Fatty acid desaturases help limit the increased rigidity of the
cell membrane upon freeze events (Kralova, 2017). The biosynthesis and
transport of compatible solutes including glycine betaine, ectoine, and
trehalose help to prevent water loss from cells as ice forms.

At the transcription and translation levels, a suite of molecular adaptations
can help deal with the formation of secondary structures in mRNA. Many of
these adaptations come with trade-offs for the cell, either as energy costs
or by compromising performance in mesophilic environments. For example,
the so-called DEAD-box RNA helicases are experimentally shown to
induce ATP-dependent unwinding of RNA secondary structures formed
during cold stress in E.coli (Cartier et al., 2010). A broad class of csp (e.g.
cspA) cold-shock RNA chaperones has been detected in many Bacteria
(Wouters et al. 2001) , and ctr (cold-responsive TRAM domain) are the
small RNA binding proteins with a TRAM domain that have been proposed
as putative cold-induced chaperones in some Archaea (Zhang et al., 2017).
Small RNA-binding proteins (Rbps) play important roles in transcription
termination, especially in cyanobacteria, and have been reported to
accumulate in the wake of cold stress (Mori et al., 2003). RNA
degradosomes (protein complexes built on top of RNases) have also been
reported to show increased expression in the cold, presumably to recycle
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ribonucleotides from putatively secondarily structured RNAs. Chaperone
and other accessory proteins also come at a cost, as protein synthesis is
the most energetically costly process in the cell. Additionally, the non-
planar structure of dihydrouridine can enhance tRNA flexibility and is
elevated in some psychrophilic Bacteria and Archaea (Dalluge et al., 1997).

At the protein level, ClpB and the oxidation-activated Hsp33 are
chaperones that stabilize other proteins, and have also been reported as
upregulated in psychrophiles (Bakermans et al. 2009; Campanaro et al.,
2011; Ponder et al., 2005). In addition to using chaperones, psychrophilic
enzyme homologs increase flexibility with residue substitutions that disrupt
protein stability in the surrounding aqueous solution. Proteins exist in a so-
called aqueous cage, created by water molecules hydrogen bonding with
one another and the solutes they dissolve. Part of what stabilizes protein
tertiary structures is their folding in a way that positions hydrophilic
residues on the outside, allowing them to interact with the aqueous cage,
while hydrophobic residues are tucked away in the core of the protein
structure. Residue substitutions that disrupt this arrangement, by
decreasing hydrophobicity of the core and increasing hydrophobicity of the
protein outside, results in greater flexibility of the destabilized protein. Cold-
adapted proteins may also decrease cysteine content to avoid formation of
disulfide bridges (Asgeirsson et al., 2003). Psychrophilic genomes tend to
have fewer charged and polar amino acids that can interact to form salt
bridges or hydrogen bonds (Margesin et al., 2008). The amino acids in
lower abundance include acidic residues and the basic arginine (also
positively charged), lysine and histidine. Glycine, on the other hand, is
small and non-polar. Although whole psychrophilic genomes have shown
weak support for glycine enrichment, one study showed that glycine
enrichment around domain active sites can increase protein flexibility
without affecting residue ratios (Feller, 2013).

At a cellular level, two hallmark stories for cold adaptation deal with
maintenance of membrane fluidity and freezing prevention. Lower
temperatures are usually associated with increased unsaturated fatty acid
(UFA) content and decreased saturated fatty acid (SFA) to UFA ratio (Mock
et al., 2002; Morgan-Kiss et al., 2006; Valledor et al., 2013). This maintains
membrane fluidity and provides an electron sink (in the form of UFA) in
cold, photoinhibitive conditions. Interestingly, in most organisms UFA are
synthesized by reversible desaturation of SFA, which must be made first.
The advantage is that the SFA:UFA ratio is easily adjustable. In contrast, a
few cold specialists have evolved de novo synthesis of UFA (Morgan-Kiss
et al., 2006). By avoiding mandatory SFA synthesis, the de novo pathway
may be more efficient at producing UFA at the cost of having a responsive
SFA:UFA system. These represent alternate metabolic strategies for
thermal adaptation, such that species adapted to constant cold would
exhibit the efficient de novo pathway, while species exposed to variable
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temperatures would benefit from the less efficient but reversible standard
pathways.

Evaluating analog environments

Locations on our planet which approach the limits of currently understood
Life, serve as analogs to the early Earth, Mars, other icy worlds in our solar
system, and plausible exoplanets. Quantifying the biological potential or
habitability of candidate planets, moons, and asteroids is the first among
equal goals of space exploration (Hubbard et al., 2002) central to NASA
objectives (Des Marais et al., 2008). Characterization of extreme
environments on Earth has been giving us many abiotic (environmental),
biotic (genetic traits) and bioenergetic (reaction rates) insights. Each insight
helps to parameterize a working definition of habitability, mostly aiming to
constrain the search to key components — exemplified by "follow the water"
and "follow the energy" narratives. Those approaches are rightfully useful,
especially in scenarios where information available for distant exoplanets is
restricted to chemical and perhaps isotopic composition.

Water is required for all known Life, and presence of liquid water on a
planet's surface was classically recognized as a prerequisite for Life
(Kasting et al., 1993) helping to usher in the "follow the water" guideline.
Presence of liquid water has been the principal motivation for an interest in
Europa and Enceladus, moons of Jupiter and Saturn respectively, and the
recent discovery of water on the Moon is fueling a renewed interest in
establishment of a lunar base (Milliken et al., 2017). Subsequent research
included other abiotic factors, such as raw materials, a livable pH and
temperature, and availability of light or chemical energy to drive
biochemical processes — but water remains a necessary condition
(Hoehler, 2007; Jones et al., 2010; Knoll et al., 2006; Tosca et al., 2008).
On Mars, water exists as ice at the polar regions and in the subsurface,
with the rest of the planet extremely dry and devoid of Life. In the following
section, we will explore two examples of Mars analogs found here on
Earth. One is the Atacama Desert which draws parallels to the arid Martian
environment, and the second is the Dry Valleys of Antarctica from which we
hope to learn about the ancient fluvial systems on Mars.

Analog environments: Atacama Desert, Chile

The Atacama Desert offers multiple analog conditions for Mars, as well as
our Earth's Moon. It is the most ancient (90 My) and driest desert (Hartley
et al, 2002; Houston et al., 2003). The ancient age of its constant
environment, together with local geology, resulted in the accumulation of
compounds that give Atacama's soils Mars-like properties. The hyper-arid
interior of the Atacama lies at the end of a long aridity gradient, with little
variation in temperature. At the dry end of that gradient, life persists in
patchy endolithic communities, where photosynthesis is limited by the
minimal persistence of water into daylight hours (Davilae t al., 2016;
Warren-Rhodes et al., 2006). These outposts for life in the Atacama interior
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are characterized by hygroscopic, or deliquescent, materials — materials
that can absorb moisture from air. Deliquescent salts, including ignimbrite
(Wierzchos et al., 2013), calcite or calcium carbonate (Crits-Christoph et
al., 2016a) sodium chloride (Davila et al., 2010), and gypsum (Robinson et
al., 2015), or calcium sulfate (Camara et al., 2016), have been implicated in
supporting habitats for endolithic cyanobacteria and a cohort of
heterotrophic prokaryotes (Catling et al., 2010; Davila et al., 2008, 2010;
Warren-Rhodes et al., 2007; Wierzchos et al., 2013, 2015; Wierzchos et
al., 2006; Wierzchos et al., 2012). However, the Atacama is famous for its
perchlorate deposits. Similarly, Mars soils are also rich in perchlorates.
Catling et al used in silico modeling, which suggests that in both places
perchlorates could be a result of photochemistry and ozone interacting with
soil salts (Catling et al., 2010). While perchlorates can also be hygroscopic,
their high oxidative reactivity provides additional challenges to survival.

One way of looking at habitability is through a biological fitness landscape.
Organisms exist in fitness landscapes, dependent upon their traits, which
process the environment in ways that make the environment habitable.
These organismal traits are, in simplest form, often inferred descriptively
through characterizing organisms or observing associations between traits
and habitats. With the advent of high-throughput DNA sequencing, the
associations are frequently gene-centric. Indeed, continuing discoveries of
extremophiles have demonstrated the extent of habitability, and
investigation of the metabolic diversity enabling this habitability has
followed (Seckbach et al.,2010). Sampling of hyper-arid environments,
including the Atacama, has revealed a few hallmark organisms, their
community dynamics, and their metabolic potential. Members of the genus
Chroococcidiopsis were found several millimeters below the crust surface
(Wierzchos et al., 2006) and inside hygroscopic rocks (Warren-Rhodes et
al., 2006). These primary producers support a cohort of heterotrophs in the
Archae and Bacteria domains (Warren-Rhodes et al.,, 2006, 2007;
Wierzchos et al., 2006).

Warren-Rhodes et al used molecular methods to investigate intra-genus
diversity of the Chroococcidiopsis morphotype, with phylogenetic clades
showing sampled-site specificity (Warren-Rhodes et al., 2007). Subsequent
research used amplicons and shotgun metagenomics to reveal community
dynamics, and assemble genes and complete genomes from organisms
found in the Atacama (Crits-Christoph et al., 2016b; Crits-Christoph et al.,
2016a; Wierzchos et al., 2015, 2012). Characterized organisms were
shown to have a metabolic repertoire with putative features to prevent
desiccation, carry out vital processes with limited water, resist UV damage,
enter dormancy, and efficiently re-activate metabolism during short periods
of water availability (Crits-Christoph et al., 2016b; Crits-Christoph et al.,
2016a; Harel, 2004). In another study, Robinson et al used multivariate
analyses of 16s ribosomal RNA amplicons to show trends in community
composition between arid and hyper-arid sites, and identified phylotypes

caister.com/cimb Curr. Issues Mol. Biol. Vol. 38



Astrobiology Roadmap O'Rourke et al

most responsible for microbial community differences and implicated air
humidity as the strongest environmental (Robinson et al., 2015). Recent
publications advanced a few more steps to infer adaptive strategies of
sampled organisms. Crits-Christoph et al sequenced halite endoliths to
reveal a simple community dominated by haloarchaea, all putatively
supported by a single phylotype of cyanobacteria (Crits-Christoph et al.,
2016b) (Figure 2).

In a separate publication, Crits-Christoph et al presented more near-
complete genomes from two distinct geological sites in the Atacama,
providing additional genomic information for representatives of the few
dominant genera at the sampled sites — including Gloeocapsa, Thermo-
microbia, Conexibacter, Microlunatus, Frankineae, and Chroociccidiopsis
(Crits-Christoph et al., 2016a). For example, all organisms were enriched

340 km

Figure 2. Halites (salt rocks) are the last habitats for life in the hyperarid Atacama Desert, Chile. Three
sites illustrate the aridity gradient, refleted in halite nodule appearance. An example nodule (from SG) is
shown. Note the porosity, which allows light and gas exchange. Colonized areas (partly visible green
areas) are in the salt portion of the rocks. Colonization is minimal in the sparse nodules from the driest
Yungay site (not shown).

10
caister.com/cimb Curr. Issues Mol. Biol. Vol. 38



Astrobiology Roadmap O'Rourke et al

with genes involved in secondary metabolite production, which can serve
as building blocks for conjugated hydrocarbons, isoprenoids, and other
photoprotective compounds. These results were supported by Wierzchos
et al's earlier detection of photoprotective secondary metabolites using
chemical assays (Wierzchos et al.,, 2015), and qualitatively further
described hyper-arid lifestyle potential.

These examples characterize the traits that are exhibited by organisms
which are able to withstand life in the Atacama Desert and suggests that
habitability is tied with unifying abiotic and biotic components.
Understanding these traits alone offers a limited mechanistic understanding
of organismal capabilities. It remains unclear which of the thousands of
organismal traits contribute to their host's fitness along environmental
gradients, including the extremes. Organisms exist in a fitness landscape,
which is produced by those traits that process the environment in ways that
ultimately allow that environment to be "habitable" for a given organism.
Models of fitness that explicitly discover traits with environmental conditions
need to be developed. This brings into focus the traits with significant
impacts on success of their extremophilic hosts, and providing mechanistic
insights into the minimal gene set and the limits of habitability.

Analog environments: McMurdo Dry Valleys, Antarctica

The McMurdo Dry Valleys (MDV) are considered a Martian analog
environment due to extremes in aridity, high-speed winds, and low
temperatures (Stanish, Nemergut, and McKnight, 2011). The use of omics
tools in this environment has also led to new insights into the previously
unknown abundance, diversity, and functional strategies of microbial life
persisting in MDV ecosystems (Adams et al., 2014; Buelow et al., 2016;
Kohler et al., 2015; Stanish et al., 2013; Van Horn et al., 2016). This cold,
dry landscape consists of dynamic aquatic systems that provide unique
niches for microbial communities. Although there are distinct community
signatures between habitats, there is a significant degree of connectivity
among glaciers, streams, lakes, and soils (Gooseff et al., 2011; Wlostowski
et al., 2016). In this section we discuss MDV ecosystems in terms of their
potential as Martian analogs, geochemical features, challenges to microbial
life and diversity, and the functionality of their microbial communities.

McMurdo Dry Valley Lakes

Evidence that stable liquid water exists on Mars today, is supported by
radar profiles of a subglacial brine pool below Mars' southern ice cap from
the Mars Express spacecraft (Orosei et al., 2018). The Mars Advanced
Radar for Subsurface and lonosphere Sounding (MARSIS) instrument, on
the Mars Express spacecraft, is an instrument designed to scan the surface
of Mars looking for evidence of liquid water. Radar profiles collected by
MARSIS, between 2012-2015, displayed strong basal echoes from a 20 km
area in Mars' southern polar ice cap, known as South Polar Layered
Deposits (SPLD). The radar profiles display bright reflections that are
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indicative of an interface between ice and liquid. Further analysis of the
radar data revealed a high relative dielectric permittivity (>15) of the
subsurface reflection which is inferred as liquid water. The liquid water is
predicted to be around 1.5km below the ice (Orosei et al., 2018). Data
gathered vyields support for the first known stable body of liquid water on
Mars.

Decades of orbital imagery studies provide support for Martian hydrological
activity with the identification of river channels, valley networks, and over
400 paleolake basins that potentially maintained bodies of water with
unknown residence times (Cabrol and Grin, 1999; Goudge et al., 2016;
Williams et al.,, 2001). Surface morphology analyses detect a variety of
fluvial features that expose the diversity of these lakes in terms of formation
(Cabrol et al., 1999). Lake basins can be closed, open, or exist in chains.
Some possess outflow channels indicative of hypothesized flood events.
Others include signs of erosion and deposition (Carr, 2012; Carr et al.,
2010; Goudge et al., 2016). The geomorphic characterizations of these
ancient lake basins, along with supporting Earth analog studies recreate
possible geochemical features and physical processes that may have once
controlled putative life on Mars.

The perennial ice-covered lakes of the MDV provide the closest Earth
analog to recent subglacial pool discoveries, as well as the evolution of
ancient paleolakes on Mars. Microbes that exist in the uniquely stratified
MDV lakes survive in low-light levels, freezing temperatures, sharp
chemical gradients, oxic and anoxic conditions, and chaotropic salts, which
interfere with hydrogen bonding. Several lakes in the MDV are heavily
studied for analogous characteristics to various freezing stages of Martian
lakes (Mikucki et al., 20086).

Lake Vida is the largest lake in the MDV. The lake is in Victoria Valley
which is northward of Wright Valley. Victoria Valley generally maintains
lower temperatures than the southern valleys. During the austral summer,
the area warms enough to produce short-lived meltwater streamflow. In
early studies, Lake Vida was believed to have been completely frozen with
no traces of water; however, in a later study by Doran et al. ,advancements
in ground penetrating radar revealed a brine pocket 19 m under the ice
(Doran et al., 2003). Isolated for around 2800 years, the aphotic, anoxic
brine here has a temperature of -13°C and a salinity of 200 ppt (Murray et
al., 2012). Further investigations of this brine system identified a bacterial-
dominated microbial assemblage in the isolated cryo-environment. The
obstacles posed to Life in this system would be like those experienced in
the subglacial systems beyond Earth. Therefore, this discovery
fundamentally informs perceptions of the ability of Life to persist on icy
worlds.

12
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McMurdo Dry Valley Meltwater streams

The meltwater streams of the MDV are an important analog to the fluvial
systems that may have existed on ancient Mars (Murray et al., 2012). The
valley networks in both Antarctica and Martian Noachian terrain (4.1-3.7
Gya) are comparable in surface features (Carr, 2012). Studies conducted
on Martian clay mineral formation and paleolake basin stratigraphy indicate
intermittent surface waters that carved valleys, transported sediments, and
sustained lakes throughout the late Noachian/early Hesperian (Ehimann et
al.,, 2011; Goudge et al., 2016). Despite differences in nutrient availability,
Martian and Dry Valley landscapes are comprised of similar basalt
substrates, limited organic material, and experience long durations of
dryness and freezing temperatures due to transient flow ( Doran et al.,
2010).

During the austral summer, rising temperatures cause glacial melting and
transient freshwater streams begin to flow, downward through the valleys,
carrying alluvium while rehydrating stream beds. Temperature fluctuations
of the Dry Valley meltwater streams reach anywhere from 0.1 °C to a
maximum of 15 °C with daily shifts between 6°C-9°C. Changes in
temperature, flow duration, and speed are associated with rapid climate
shifts making adaptations to a highly variable environment an important
quality among inhabitants (Stanish et al., 2011). Life in the stream channels
survives an absence of water for around 9 out of 12 months and is primarily
comprised of cyanobacterial mats that harbor bacteria, eukaryotic algae,
and micro-invertebrates (Adams et al., 2014; Esposito et al., 2008;
McKnight et al., 1999). Throughout early and late summer, the
cyanobacterial mats undergo numerous freeze-thaw cycles (Davey et al.,
1992). With the onset of winter, these mats persist in a freeze-dried state
until the following season (Figure 3).

McMurdo Dry Valley Don Juan Pond

Observations of dark flows on steep slopes that extend downhill recur each
Mars year known as recurring slope lineae (RSL), as well as the presence
of hydrated salts, are potential signs of a fleeting source of liquid water.
The RSL have been linked to warm temperatures (Grimm et al., 2014). In
addition, spectral data analyzed from the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM) on the Mars Reconnaissance
Orbiter (MRO), have indicated the presence of magnesium perchlorate,
magnesium chlorate, and sodium perchlorate in four RSL locations (Ojha et
al., 2015).

The atmospheric pressure on Mars confines the potential for any
biologically available liquid water to low elevations where pressure may
exceed 6.1mbars (Doran et al., 2010). Any water formed exists for a short
duration before evaporating or freezing (Grimm et al., 2014). However, an
incorporation of salts lowers the freezing point and evaporation rate which
may increase the stability of water (Massé et al., 2016).
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Figure 3. A gauge box set up by the Long-Term Ecological Research team to monitor water stream
chemistry and hydrology of Von Guerard stream in the McMurdo Dry Valleys. Image zoom is of the
cyanobacteria mats that are found in the meltwater streambeds.

Don Juan Pond (DJP) is an ice-free hypersaline pond located in the Wright
Valley of the MDV. It is one of the saltiest bodies of water on Earth,
comprised of 40% salt by weight. Salt in DJP is primarily (>90%) CaCl2
(Toner, Catling, and Sletten, 2017). The high salinity ensures that the pond

remains unfrozen, during the austral winters, at temperatures below -50°C
(Marion, 1997). The input sources for the pond are widely debated in the
literature. Arguments have been made for the upwelling of a deep
groundwater flow system that replenishes the brines, and also for the
deliquescence of salts in the shallow subsurface (Dickson et al., 2013;
Nuding et al., 2014; Toner et al., 2017). Deliquescence is the process in
which salts absorb atmospheric moisture at a critical relative humidity. The
salts then dissolve in the absorbed water resulting in the formation of an
aqueous brine (Nuding et al.,, 2014). Many studies on RSL suggest
deliquescence as the formation mechanism for the darkened slope streaks
(Dickson et al., 2013; Gough et al., 2017). Laboratory studies on DJP salts
suggest brines on Mars could be rich in CaCl> given the melting
temperature of the mixture. The unique geochemistry of this system is an
important analog to the Martian subsurface and may provide clues in the
ongoing investigations of RSL (Dickson et al., 2013; Mikucki et al., 2006).

DJP is an important site in the search for extremophiles and for Life that
may be able to exist in the ephemeral brines of Mars. Water activity (aw)
thresholds for life on Earth appear to be limited to an aw = 0.605 (Grant,
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2004; Stevenson et al., 2015). It is uncertain whether any actively
metabolizing Life exists in the DJP environment due to extremes in salt
content, low fluctuating water activity aw = 0.3 — 0.6, and subzero
temperatures. Early studies suspected the presence of microbial mats in
DJP brine (Horowitz et al., 1972; Siegel et al., 1979). Several recent
studies attempting to detect active life have yielded contrary results (Peters
et al., 2014; Samarkin et al., 2010). A primary limitation on the existence of
life in DJP is the chaotropic nature of the brine salts, which interferes with
hydrogen bonding, weakens the hydrophobic effect and lends to the
instability of macromolecules.

We have presented two extreme Earth environments that serve as analogs
to better understand the potential for habitability in some extraterrestrial
environments. However, as we look to the future of Life in other locations,
we also learn a lot about the capacity of Earth-evolved organisms to
continually adapt to their environments over time.

Space Exploration: what is the future of life on Earth and elsewhere?
In previous sections we were introduced to the (possibly) low-frequency
event that is the emergence of Life — be it through chemical evolution on
Earth or elsewhere in our galaxy or through the chance event that an
asteroid with the right elements struck our planet at the right time. We have
also been introduced to two extreme environments on Earth which
demonstrate how the microbial world under nearly any circumstance will
abound and rebound. If we consider these concepts in the context of
human space travel, we begin to understand the future role humans will
play in trafficking microbes. In this section we discuss Planetary Protection,
which serves both as a policy and motivation for scientific investigation.
Planetary Protection places humans as the custodians of our solar system
and uses space biology to understand how Earth-evolved organisms will be
affected by or will affect the extraterrestrial environment.

Planetary Protection

NASA complies with the Planetary Protection provisions set forth by the
1967 Outer Space Treaty. The Outer Space Treaty, which was signed by all
space-faring nations in 1967, stipulates that every effort must be made to
protect other worlds from biological contamination from Earth. In addition,
the Earth must be protected from the potential hazards posed by
extraterrestrial matter carried by a spacecraft returning from another planet
or other extraterrestrial sources. Therefore, NASA has gone to great
lengths to control any potential organic and biological contamination carried
by spacecraft. The governing body on the regulation of interplanetary
microbial contamination is NASA's Office of Planetary Protection. Now
more than ever, as we travel into space with the intent to land on the
surface of these other worlds, we need to consider the risk of
contaminating the destination environment. The Committee on Space
Research (COSPAR) has a guideline that any mission, designed to look for
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life on other worlds, must not have a probability greater than 1-in-10,000
that a single microbe carried on board will contaminate potential
extraterrestrial habitats.

As a precautionary measure, space-bound instrumentation has been
routinely swabbed in order to categorize and characterize any microbial
hitchhikers (Crawford, 2005). Researchers have catalogued strains of
bacteria that were able to survive sterilization processes in European
Space Agency (ESA) clean rooms (Moissl-Eichinger, 2017; Moissl et al.,
2007); similarly, microbial survivors post-sterilization have been observed in
the clean rooms utilized by NASA to assemble spacecraft (Mahnert et al.,
2015). The discovery of resistant microbes shows that previous methods of
cleaning, such as radiation and desiccation, might not be sufficient to
sterilize spacecraft. For example, Acinetobacter species are dominant
members of the clean room community and have been found to be able to
metabolize or biodegrade the utilized cleaning reagents such as ethanol, 2-
propanol, and Kleenol 30 (alkaline floor detergent). This suggests that the
organisms can metabolize disinfectants, metabolizing them as a nutrient
source. This may also prime the bacteria to be tolerant to the oxidative
stresses associated with the low-humidity environment of the clean rooms
(Mogul et al., 2018). In addition, the external surfaces of spacecrafts are
found to harbor highly resilient bacterial species. It was through the
EXPOSE-E mission of the European Space Agency (ESA) that researchers
found that endospores mounted on the ISS could still survive by escaping
exposure to radiation (hiding in cracks or being shielded by the spacecraft)
(Horneck et al., 2012). These observations will be factored into design
considerations in order to uphold Planetary Protection policies.

Space biology and human-hosted microbes aboard the ISS

Given that humans host millions of microorganisms, and that microbes will
be an essential component of any self-sustaining food-production system,
human space travel is inextricably linked to microbial communities. The
field of space biology actively investigates the effects of radiation and
microgravity upon microbes, fungi, plants, and animals to understand how
space travel may cause them to adapt, develop differently, or change at the
cellular and molecular levels. In the effort to send humans deeper into
space, exhaustive research into human health in the space environment is
underway in both Earth-based analogs and on board the ISS. NASA's
Human Exploration Research Analog (HERA), NASA's Extreme
Environment Mission Operations (NEEMO), High Seas, and other Earth-
based analogs work to understand the dynamics of long duration
confinement and how the body responds to stressors. The Center for the
Advancement of Science in Space (CASIS) is the manager of the ISS U.S.
National Laboratory, where years of space biology research has taken
place and been chronicled in NASA's GenelLab Project.
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In the light of Planetary Protection, human-hosted microbes are a key
element of deep-space travel that remain to be better understood. In a
recently published astronaut twin study a number of genetic, immune
function, metabolic and microbial differences were observed between the
individual which spent a year in space and the ground control (Garrett-
Bakelman et al., 2019). Their findings on the changes experienced in the
gut microbial assemblage of the one astronaut, agreed with results from
The Astronaut Microbiome Project (AMP). The AMP has characterized the
gut, oral, skin, and nasal microbiomes from a cohort of astronauts before,
during, and after spaceflight. This research sought to understand how
these populations would change over the course of a space mission as a
result of stress and altered immune function, and how the resident
microbes on board the ISS might affect the astronaut microbiome and vice
versa. Preliminary findings concluded that the gut microbiome does indeed
change during spaceflight and in some astronauts returns to its preflight
status within 60 days after returning to Earth, whereas in others it did not. It
was additionally concluded that the microbiome of the ISS surfaces
changes over time and this is influenced by the skin microbiota of the
astronauts residing in the ISS at the associated point in time (Voorhies et
al., 2016). A recent publication that details the total and viable bacterial and
fungal communities associated with the ISS, provides further evidence that
the microbiome of the ISS changes over time, while the dominant taxa are
associated with the human microbiome and include potentially
opportunistic species (Checinka Sielaff et al., 2019).

It remains to be understood how the resident microbes on board the 1SS
affect the astronaut microbiome, but a first step is to understand how the
space environment affects the microorganisms themselves. In-flight
experiments and ground-based, low-shear, modeled microgravity
experiments on Escherichia coli (Ciferri et al., 1986; Kacena et al., 1999a;
Kacena et al.,1997; Kacena et al., 1999b; Klaus et al., 1997; Volkmann,
1988), Bacillus subtilis (Kacena et al., 1999a; Kacena et al., 1997; Kacena
et al.,, 1999c), Salmonella enterica (Foster and Spector, 1995),
Staphylococcus aureus (Castro-Wallace et al., 2011; Castro-Wallace, 2012;
Rosado et al., 2010), Pseudomonas aeruginosa (McLean et al., 2001) and
Ralstonia pickettii (Mijnendonckx et al., 2013), it has been shown that
bacterial morphology, growth, metabolism, gene transfer, antibiotic
resistance, and infectious nature can be altered in response to the space
environment (Lapchine et al., 1986; Nickerson et al., 2004; C. a Nickerson
et al., 2000; Tixador et al., 1985). So far, any changes detected have
primarily been ascribed to two characteristics of the microgravity
environment — the reduction in hydrostatic pressure and the lower fluid-
shear forces (K. J. Dickson, 1991).

NASA has routinely sampled the air, surface, and water on board the ISS.
This has resulted in a collection of 424 bacterial isolates, collected over 12
years and 22 missions. While not experimentally designed per se (as it is
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impossible to know how long any individual isolate was on the ISS before it
was isolated, regardless of the date of isolation), this library provides one
window into the effect of the microgravity and enhanced radiation
experienced by resident microbes. In the air and surface samples,
Staphylococcus species account for 80% and 70% of the isolates
recovered in this collection, respectively. These Staphylococcus species
include isolates of S. aureus, S. auricularis, S. capitis, S. cohnii, S.
epidermidis, S. haemolyticus, S. hominis, S. lugdunensis, S.
saprophyticus, and S. warnerni — all human commensals. Species of the
closely related Burkholderia and Ralstonia genera comprise 60% of the
isolates collected from the water system over the 12 years. Recovered
Burkholderia species include B. contaminans and B. cepacia. In general,
Burkholderia species exhibit a high degree of phenotypic plasticity as they
can live in soil, water (Miller et al., 2002), and the human body (Valvano,
Keith, and Cardona, 2005), known to be opportunistic pathogens and are
equipped for life in extreme environments (Lee et al., 2014; Lester et al.,
2007) (Figure 4). Select isolates from our culture collection display the
ability to inhibit Aspergillus species (Figure 4B) and exhibit the ability to
lyse red blood cells (Figure 4C).

In some bacteria, the microgravity environment can affect bacterial
virulence, resulting in altered pathogenicity (C. A. Nickerson et al., 2004).
For instance, members of Salmonella enterica have demonstrated
increased virulence when grown under modeled microgravity simulated
using a high-aspect rotating vessel (C. a Nickerson et al., 2000). Whereas,
S. aureus grown under similar modeled microgravity conditions show an
increase in the transcript levels of genes involved in biofilm formation but

Figure 4. A. Isolates of Burkholderia and Ralstonia species cultured from the ISS potable water
system. B. Select isolates display the ability to inhibit Aspergillus species (Burkholderia demonstrate
zones of inhibition when spotted on agar also growing Aspergillus sp.). C. Select solates also exhibit
the ability to lyse red blood cells as demonstrated by spotting the cultures on sheep's blood agar plates.
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an overall decrease in virulence-factor transcripts (Castro et al., 2011;
Rosado et al., 2006). Similarly, a terrestrially-derived strain of S. aureus
exposed to simulated microgravity for 24 hours exhibited a reduction in the
amount of secreted alpha-toxin and hemolysin (Rosado et al., 2006).
Organisms that demonstrate decreased virulence, if maintained over time,
would naturally appeal to us as more suitable for a deep-space exploration
scenario where a human resides in a closed-environment for months or
years at a time. Space Biology is inherently a systems-biology approach
where the demand for robust life-support systems will fuel the exhaustive
characterization of microbes and their effect on both the crew and
engineered systems. As the distance to the target increases, the odds of
success decrease, and out of billions of microbial hitchhikers, some may be
more appropriate for the journey than others.

Conclusions

Here we have presented only a portion of the expansive territory of
Astrobiology using the Astrobiology Roadmap as our guide. We introduced
the contrasting theories as to how life began on our planet and contend
that perhaps it is a question best informed by observing the formation of life
on another planet. However, we can still observe how life adapts as
microorganisms with fast generation times reveal the mechanisms used to
survive in even the harshest of environmental conditions. Understanding of
microbial activity and ecology at analog sites expands our toolkit of
biological signatures and expands the boundaries of which extraterrestrial
environments should be targets in the search for Life in the solar system.
Microbial life is able to employ a variety of mechanisms in order to satisfy
their metabolic requirements, and as we set our sights on exploring other
habitable worlds, we must be cognizant of the billions of microbes we will
bring with us, and the potential for these microbes to survive in the extreme
conditions that will be encountered. Planetary Protection aims to prevent
the non-deliberate delivery of space-derived microbes to our planet (back-
contamination), and the delivery of Earth-derived microbes as an invasive
species to another world (forward-contamination). Due to our limited
understanding of the effect that the space environment has on Earth-
evolved organisms, research in the field of space biology has gained
traction and will continue to inform policy decisions and engineering
guidelines for the future of space travel. A human presence in space is in
our near future, and with it will come groundbreaking technologies and
discoveries capable of improving life on Earth as well as provide us with
answers as to Earth's biotic beginnings. Indeed, it seems almost science
fiction when we think about the potential for Earth-evolved organisms to
affect the trajectory of life on another planet, just as an intercepted asteroid
may have changed the trajectory of our own.

Future trends
As genomic sequencing tools evolve and are combined with state-of-the-art
analytical chemistry techniques, we will continue to improve our
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understanding of both abiotic and biotic components and refine our
definitions of the requirements for habitability. Models of fitness that
explicitly correlate genotypic traits with survival under specific
environmental conditions need to be further developed, along with more
comprehensive understandings of cellular activity and regulation. These
will help to identify which particular traits have significant impacts (positive
or negative) on the success of an organism and provide greater insight into
the limits of habitability. Furthermore, once we can control each of the
environmental and genomic factors, which influence a microbial phenotype,
we can successfully plan for microbial containment. This extends to how to
fulfill Planetary Protection guidelines, as well as how to keep a crew
healthy and a spacecraft properly functioning, as we travel further out into
our solar system.
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